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ABSTRACT 

Using 1 simple rate equation approach we examine the gas kinetic and discharge 
properties of wavcga'< .e COj lasers. We calculate the dependence of the popu- 
lation inversion and laser small signal gain on ga^ pressure, gas mixture, 
pumping rate (discharge current), tube bore diameter, and wall temperature. 

The results indicate, for example, that at a pressure of 50 torr the gain is 
maximized with a gas mixture in the ratio C02:N2:He~ 0. 75:1:1. 5, a tube bore 
diameter of ~ 0. 07 cm and a discharge current density of ~ 500 ma/cm^ . At 
higher pressures the gain is optimized by using more helium rich mixtures and 
smaller bore diameters. We also calculate the dependence of laser tunability 
on the gas kinetic properties and cavity losses. We find that for low loss cavities 
the laser tunability may substantiai y exceed the molecular fullwidth at half 
maximum. Furthermore, the more heliom rich gas mixtures give greater 
tunability when cavity losses are small and less tunability when cavity losses 
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are large. The role of the various gases in the waveguide COj laser is the 
same as that in conventional devices. By contrast with conventional lasers, 
however, the wavf*c^oide laser transition is homogeneously broadened. Thus 
the dependence of gain on gas pressure aiid other kinetic and discharge properties 
differs substantially from tiiat predicted by scaling results from conventional 


low pressure lasers. 


WAVEGUIDE CO2 LASER GAIN: 

DEPENDENCE ON GAS KINETIC AND DISCHARGE PROPERTIES 
I. INTRODUCTION 

The waveguide CO2 laser is a compact, high gain, tunable COj laser. It is an 
attractive device for many applications Including, in particular, laser commu- 
nications and high resolution spectroscopy. For these applications it is essential 
to know the variations in laser g^in and hmability with gas mixture, pressure 
discharge current, bore diameter, and wall temperature. 

We will calculate the gain in CO^-Nj-He wavegviide lasers using an approach 
which centers aix)urid the rate equations for the vibrational modes of the COj 
and Nj molecules. Our analysis draws heavily on the formulation of Gordletz 
etal,* and Moore et al ,2 for conventional lasers. The essential differences 
here are the smaller tube bore diameters, higher gas pressures, and higher 
current densities. These differences manifest themselves in faster rates of 
electron-molecule and molecule-molecule energy transfer and in a faster 
diffusion rate to the tube wall. The higher operating pressures also insure 
that the gas is homogeneously broadened in contrast to the inhomogeneous 
broadening of low pressure (several torr) devices. 

Before proceeding with this paper we should point out that the gas discharge 
scaling laws can also provide much information about waveguide lasers via 
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t transformation to a laser with a larger tube diameter whose characteristics 
have been completely determined. Thus for example, a laser with a 0. 1 cm 
bore diameter, current density of 150 ma/cm^ and with a total gas pressure of 
100 torr is similar to one with a 1 cm bore, 15 ma/cm^ current density, gas 
pressure of 10 torr, and with the same gas mixture. While the two discharges 
have the same relative population level ci^tributions, their gains differ due to 
the different absolute population levels and different broadening mechanisms. 
Furthermore, the scaling laws may be difficult to apply for practical computation 
of gain since complete characterization of all the required similar discharges 
is rarely available. 

In the i;ext section of this paper we discuss the theory of laser kinetics, then 
in Section ni we will discuss the numerical techniques employed In gain compu- 
tations. In Section IV <ve present and analyze selected computational results 
which illustrate the dependence of laser gain on the external parameters. Section 
V contains our concluding remarks. 

IL THEORY 

The relevant features of the familiar COj-Nj vibrational energy level diagram 
are shown in Figure 1. We assume that both the vibrational mode of Nj and the 
asymmetric stretch mode (vj ) of CO^ are excited by electron impact. Energ>' 
exchange between the excited Nj molecules and the vj mode of COj occurs via 
nearly resonant V-V energy transfer. Rapid intramode relaxation assures that 
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the eneixy level occupancy of the mode la charactcrtzed by a Boltzmann 
(hstiibution at temperature Tj. The fraction, 

whose asymmetrfc stretch mode is excited are in the upper lasini^ level (deslK- 
nated 001). Deexcitadon of the vy mode occurs both via r.mlecular collisions 
and wall interactions. The molecular collisions result in the excltatiun oi the 
V| and ifj modes which are assumed to maintain equilibrium due to the rapid 
Fermi resonance interaction, llie equilibrium distribution is characterized 
by the temperature T^. A fraction, f^, of the molecules in the combined 
mode Is in the lower laser level (assumed in the present calculation to be the 
130 level). Deoxcitation of the t '12 mode occurs via diffusion loss to the walls 
and via molecular energy transfer, in particular via V-T processes from the 
010 leve*. rhus for a fixed gas mixture, total pressure, and electron tempera- 
ture, the system is described by the density, nj, of COj molecules in the* Vj 
mode, the density, n, , of CO 2 molecules in the niode, the density of exci> 
nitrogen molecules, N* , kinetic temperature. The vibrational popu- 
lation inversion is An * f 2 * f| n. 

With symbols defined in Table I the steady state rate equations are 


‘*"2 /I ^2*^(0, 

* an,, -pnj + Kn^N* - KnjN‘j' + K,jn,-K,,n 2 - — n, « 0 

dn, 

"dT * ‘*^*^21 *'2 “‘*'*^1 2*^1 * "0 “ ^ ‘^1 “ ® 


(la) 


(lb) 


3 



jn; 

dl 


>N'j* - fN* - Kn„N* + KrijN'j - 


(Ic) 





N* » 0 


Tlie first two terms in Kquation (la) are the electron excitation and deexcitation 
of the COj »>j mode. The next two terms Rive the resonant exchange between 
and the excited Nj molecules, the terms with and express the energy 
transfer between the Vj and modes, and the final term represents the 
deexcitation due to diffusion to the walls. In Kquation (lb) the terms contalnlnR 
K|^ and express the relaxation and excitation of the mode to and from 
the ground state, and the final term Is the diffusion Iocs. Finally in F'quation 
(Ic) the first two terms give the rate of vibrational excitation and dcexcitation 
of nitrogen due to electron impact, and the last term is a;^in a diffusion loss. 

In the present woi-k we do not consider the decomposition of COj in the laser 
diocharfte. 


Several of the numerical coefficients appearing in Equations (la-lc) require 
more detailed explanation. Each of the diffusion terms contains a numerical 
coefficient, p , which is an estimate of the average number of quanta lost per wall 
deexcitation of that mode. Thus, for example, Gordietz et aL' have estimated 
that, on the average, 1. 5 quanta of Vj oscillation are lost iri a wall deexcitation 
of Pj, 1. e. , f j » 1. 5. The coefficient w appearing In front of the n^ and 
terms in Equation (lb) takes into account the fact that a molecular 
collision deactivation of the mode in favor of the mode usually results 
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in the excitation of more than 1 quinta of oscillation (We consider 2 quanta 
of oscillation to be equivalent to 1 quanta of oscillation. U Typical 
deexcitlng reactions include 


(001)+ M 

- (030)+ M 

(2a) 

(001)+ M 

- (040) + M 

(2b) 

(001)+ M 

- (1 10)+ M 

(2c) 


where M can be a COj, Nj, or He molecule. Reacaons (2a) and (2c), for example, 
result in a factor 3/2 appearing before the KjjHj and n| terms in Equation 
(lb); reaction (2b) results in a factor of 2. The factor 1/2 appearing in the third 
and fourth terms of Equation (Ic) can be explained by considering the roUisional 
deactivation of the V |2 mode which occurs primarily through the reaction 

(010)+ M - (000)+ M (3) 

whore, in most cases, helium is the dominant collision partner. Since each 
deactivation of one quanta via the reaction described by Equation (3) is 
equivalent to the deactivation of only 1/2 quanta of Vj oscillation, and since 
the (100) state is the lower laser state, terms K|gnj and n^ have to be 
multiplied by a factor of 1/2. 

A few comments should be made about the collision rate constants Kjj and K|q 
which refer to the relaxation rate of the mode to the node and the 
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('ij mode to Kround respectively. Kach rate la a composite sum of reaction rates 
with each of the ({» constituents, e.K.t 


COl N. Mr 

■^21 Cl , *^21 *^21 Mir 


(4) 


where the specific rate constants, t are f^lven in units of (torr-sec)*' and 
the Pj^'s are the partial pressures of the Rases. Each of these specific rate 
constants can be, in turn, the bum of several reactions. For example, three 
prime contributors to Kj, are Riven by reactions (2a~2c). 


With the exception of the inclusion of diffusion terms in the rate equations we 
have, to this point, iRnored any spatial Ntiriation of the "lectron and molecule 
densities. We will now assume that the discharRc electrons and the excited 
states of CO 2 and Nj have a zero order Bessel function radial distribution, 

Jj, which is centered on the bore axis. Then redefininR n,, nj, and N* 
so they refer to the on axis (peak) density, the rate equations become 


Oi 


an„|ll -pnjCI + Kn„N*| 1 1 - Kn^N"! 1 1 -K, 2 n,|I| + KjiH^lil -/Jj— ^n,|l! »0 


Oj 

wKjinjUl -wK,jn, Ml +'/2K„,n„ -'/jK,„nj(H -i^i— ^n, (I) -0 

Dn 

7N»(11 -rN*(2, -Kn„N*(l| + KnjN«| I ) N*| 1 1 -0 


(5a) 


(5b) 


(5c) 
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where 



and where atfit’f* which are proportional to electron density, now also 

refer to the on-axts (peak) excitation and deexcitation ratea. Equations (Sa>5c) 
can be cast in the form of Equation (la-lc) by dividing each equation by (I) and 
deflnlnK 


P'-P(21/(I| 

(6a) 

k;;, •k,„/iii 

(6b) 


(fic) 


We then reproduce Equations (la-lc) withp. Kg, , (-'replacing p. Kg, , ( . To 
this set of equations we add the equations for particle conservation, namely: 

n » n„ + n, 1 1 1 ♦ ( 1 1 (7a) 

Nj » N» + N* ( 1 1 (7b) 

Now eliminating ng and by way of Equations (7), combining Equation (5a) 
and (5c) to eliminate N^, and using Equation (5b) to express n^ in terms of n, we 
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derive a qtiadratlc expreaslon for n, t 


nf|K"(a" + *n>l -n, (K"(7 Nj ♦ an - 6«) ♦ KlflN, 

♦ (a" Kn)| - (7 Nj + an - 6il) (» ♦ Kn) - ON, (7 ♦ K6) - 0 


( 8 ) 


where 


and 


7" - 7/1 1 1 

(6d) 

K"- K/IU 

(6e) 

a - - a/( 1 1 

(6f) 


hi, 


: * 2 ' 

( 9 ) 

^01 


“’*^ 21 " 2 


-<;,n 

( 10 ) 



‘*'•^21 ■ 2 



n-a" + p' + Kj, 



( 11 ) 


e . 7" + f ' + 


N2 



( 12 ) 


In Equation (8) we have ignored the small excitation of the Vj mode from the 
mode. 
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"lie Tt te constants appearing In the proceeding equations are functions of the 
gas temperature. This temperature is controlled by the rate of energ)* transfer 
from electron to gas kinetic energy and by the gas thermal conductivity. We 
will ignore any spatial variation in the gas temperature ami aeeuiiie that all 
the energy transferred by electrons to molecular vibration contributes to the 
tc nperature rise after vibrational relaxation. We can write' 


AT 


l.36R^i7N^. 

18.9 k 


(13) 


where Is the wall temperature, is the energy of the Vj quantum, and 
K is the thermal conductivity given by ' 




+ K 




I +3.4 


**He 



(14) 


Equation (13) is an extension of the result quoted in reference 1; the extension 
takej into account the direct excitation of the Vj mode of the COj. The numerator 
of the equation la proportional to the heat input to the gas. 

We have noted that the vibrational energy level population inversion is (f^nj-finj )| | ). 
As of yet, however, we have not considered the rotational sublevels of 
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each dbratlonal level (except to Implicitly aaaume that the rotational relaxation 


ii very rapid compared to that of vibration). We now take explicit note of the 
Boltzmann distribution of rotational sublevels at the Ras kinetic temperature, T. 
The vibration-rotation population inversion is 

hi<«j 


An, -fjnjlll— * dje 

H 


2hc0, 


2hc(}, 

• -f,n,m-ry d,. 


IH«, 


(IS) 


where dj and d, are the dei''.ueracles of the upper and lower s'Jite rotational 
sublevels, Bj and B, and the sublevel energies (In cm*' ), Jj and J, are the 
sublevel rotational quar.i<>.u> numbers, h is Planck's constant, c is the speed of 
light, and k„ Is Bolizmann's constant. 


Given the population inversion it iu a simple matter to calculate the small signal 
gain, v.’hlch for a homogeneously broadened laser line Is 

( 16 ) 


g(»') ■ 









2hc^ 









where X is the wavelength of the transition, t, is the spontaneous emission life- 
time, and A V is the linewidth. The gain is a function of the vibration-rotation 
inversion and the linewidth, both of which vary with temperature, gas mixture, 
and pressure. The inversion also depends on the discharge current (excitation 
rate) and the tube wall temperature. 
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Once we know the line center gnln of a laser oscillator as well as the lenftth of 
the ftaln mediuin and the reflectivity of the cavity mlrrorst rj and rj, then we 
can also determine the laser frequency tuning range from line center* Af ^ 



ra. COMPUTATIONAL AND NUMERICAL CONSIDERATIONS 
While the theory developed in Section n is sufficiently detailed to accurately 
predict the dependence of laser gain, populSkun inversion, and gas temperature 
on the kinetic and discharge properties of the laser, it also has simple com- 
putational requireuients. In practice for a given gas mixture, total pressure, 
pump rate, and wall tei.iperature, an initial estimate is made for the gas 
temperature (for simplicity our usual estimate is T ■ T^ ). The quadratic 
equation for nj is solved, from which the other molecular state populations 
a;*e computed. From this infornuitlon we calculate an updated gas temperature 
using Equation (13). The updated temperature is then reinserted in the loop 
and iterative process continued until temperature convergence has been achieved. 
After convergence, we calculate fj, f| , ^ and odier parameters required to 
compute the gain. A flow diagram for this process appears in Figure 2. 

This computational procedure has been programmed on an HP model 9<i20A 
desk top calculator with 429 storage register memory (ALout 3/4 of these 
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reglaters are required in the current veralon of our program. ). Computation 
of the gain for a particular aet of operating conditlona requirea, typicaUy, a 
few seconda. llie output ia either plotted on an HP model 9862A plotter or 
written on paper tape. The program ia input either by magnetic card or magnetic 
ta ■ using the HP9865A cassette reader. 

The rate constants which enter into our calculations are K, Kj| (M > COj, Nj, 
He), Kjjj (M ■ COj, Nj, He), a , and 7 . The mte constants for the Inverse 
processes are determined by detailed balancing. The numerical values for the 
rate cc istants and other factors which we have used in our calculations can be 
found in the reference cited in Table II. * We have found, however, that the 
qualitative features of popuhaion inversion, gain, and gas temperature are 
insensitive to the exact values of the rate constants. Thus, for example, re- 
placing the theoretical nite constants of reference 1 by the somewhat different 
experimental rate constants quoted in reference 11 produces little change in 
the qualitative dependence of gain on the independent variables. 

We should note that in caleulating the absolute magnitude of the gain the 
spontaneous emission lifetime for a particular P or R branch transition must 
be used. This quantity, t, , is related to the radiative lifetime of the upper 
vibration-rotation level, t,, bv , “ -r where S, ■ J, + 1 for a P branch 

i, I ®2 *2 ^ ^ 

transition and » Jj for an R branch transition. 

*In addition we have chosen u x 1. 5, » 1. 5, 0 ^^ 1 . 0 , 0 ^ » 1. 5. 
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rV. RESULTS 

Tlie population Inveraion, gain, gaa temperature, and laser tunability have 
been computed as a function of gas mixture, total pressure, pump rate, bore 
diameter, and wall te^nperature. S|pace limitations require ihat we present 
here only selected results which Illustrate the salient features of waveguide 
laser perfonnance. 

In Figure 3 we present the pressure dependence of gain for several gas mixtures. 
The small signal gain Is evaluated for the line center of the PCO) 001— » 100 
transition. We see that: 

1. For each mixture there Is an optimal operating pressure for maximum 
gain. The more hellmn rich the mixture, the higher the optimal 
pressure; 

2. The maximum available gain tends to decrease with increasing helium 
fraction; 

3. The more helium rich mixtures show less gain variations with pressure. 

In Figure 3 we also reproduce for comparison purposes experimental data on 
the Laser gain.*^ It Is evident that the experimental and theoretical curves 
agree quite well. 

In Figure 4, we plot the laser gain versus mixture for two total pressures. At 
fifty torr, the theoretical optimum gus mixture is very close to fiiat found 
experimentally by Burkhardt, etaU'^ to be optimum, namely CO2:N2:He-l:06:l. 4. 
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At 150 torr we Hnd that a mixture in the approximate ratio Rives 

optimum gain even thouRh less helium rich mixtures have hiRher Rains at lower 
pressures. Since hiRh laser tunablllty implies hiRh operatinR pressures it is 
clear that the tunable CO 2 waveRuldes lasers require mixtures that Rive less 
than optimal Rain at lower pressures. FiRure 5 shows the dependence of rss 
temperature on fill pressure for three of the Rns mixtures whose Rvin is plotted 
in FiRure 3. It is apparent that the decreased sensitivity of the Rain of helium 
rich mixtures to pressure increases is a reflection of cooler, less pressure 
dependent Ras temperature. Furthermore, Figure 6 shows that the reason that 
ttiese more helium rich mixtures are required at hiRhcr operatinR pressures 
is to prevent adversely large rises in the temperature. At 150 torr, the presence 
of helium in the laser discharge prevents a gas temperature rise of several 
hundred degrees above the wall temperature. At 50 torr, the potential tempera- 
ture rise is less dramatic; as a consequence less helium is required in the gain 
optimized mixture. The role of helium in gas teii.perature control is, as in 
conventional CO 2 lasers, to enhance the gas thermal conductivity over that of 
an Nj - CO 2 mixture. 

Calculations of gain versus pump rate (discharge current) have revealed a some- 
what decreasing gain sensitivity to pump rate variations at higher pressures. 

As shown in Figure 7 the gain for a 1:1:1. 5 mixture at 50 torr and with a bore 
radius of 0. 0625 cm rises to a peak at a nitrogen pump rate of about 14,000 sec‘ . 
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AsMuminK (very approximately) that the pump rate is related to the current 
denaity by J ■ 0. 016Y where J la In ma/cm^ and 7 la In aec'* , we And thla 
optimal pump rate correaponda to a current of about 2. 7 ma. At 150 torr with 
a 1:1:5 mixture, the optimal pump rate la reduced to about 10,000 aec.*’ cor- 
reapondlng to a current of about 2 . 0 ma. 

Another factor Influencing gain la the tube diameter. The decreaaed bore width 
of a waveguide as compared to a more conventional laacr manifeata itaelf in 
aeveral competing effccta. Flrat alnce the walla are cloaer there la a greater 
rate of molecular diffusion to the walls with subsequent vibrational deexcitation; 
second, the thermal transport of energy out of the discharge is more rapid; 
and finally there is a higher current density. Figure 8 shows the variation in 
laser gain as the bore diameter is changed but with toe pressure and current 
held flxed. It is evident that for each pressure there is an optimal bore 
diameter and current which maximizes the gain. In general, however, smaller 
bore diameters permit operation at higher gas pressures. 

As expected and shown in Figure 9 the laser wall temperature has significant 
impact on gain. With lower wall temperatures, the excited gas remains cooler; 
hence there are fewer adverse vibrational deexcitations and the population 
inversion and gain are greater. We And for example, that for a 1:1:1. 5 mixture 
at 50 torr that the gain increases from 1. 79[/cm, to 2. 9%/cm as the wall 
temperature is lowered from 350 K to 250 K. 
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In Figure 10 we plot the User tunabiUty as a function of pressure. Hie parameter 
"l approximately equal to the loss divided by cavity length. It Is 

important to note that for high losses the less helium rich mixtures provide 
maximum tunablllty while for low losses the non helium rich mixtures are pre- 
ferred. Thus for example, with a loss of 0. 29Pi/cm the 1:0. 5:3 mixture has a 
maximum tunablllty of 460 MHz at 110 torr while the 1:0. 5:6 mixture has a 
maximum tunablllty of 300 MHz at 125 torr. By contrast, with a loss of 0. 59f/cm 
the 1:0. 5:3 mixture has a maximum tunablllty of 1600 MHz at 160 torr while the 
1:0. 5:6 mixture has a timabillty of 1780 MHz at 240 torr. In all cases It Is 
apparent tliat the tunablllty peaks at some optimal pressure, a consequences of 
the dependence of both the gain and the Unewldth on pressure. The value of the 
optimal pressure and the associated tunablllty depends on the cavity losses and 
lengtl 

V. CONCLUDING REMARKS 

The role of the three gases in the waveguide laser mixture is essentially the 
same as in conventional lasers. TTie nitrogen acts as a pump for the inversion 
in COj. The helium assures rapid depopulation of the lower laser level and 
increases the gas thermal conductivity over that of COj - Nj mixtures. 

The population inversion in the laser discharge is determined by the competition 
among several kinetic processes including electron-molecule collisions, Inter- 
and intramolecule energy transfer, molecular diffusion, and molecule-wall 
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Interaction. In particular the dtfhialon to the «mlla and aubsequent deexcltatlon 
aa well as direct r Mlisional deexcltatlon are responsible for the vibrational 
deactivation of the CO] molecule. At low pressures the diffusion loss dominates 
the deexcltatlon. As the pressure Increases the rate of collisions! deexcltatlua 
Increases, but the diffusion rate Is reduced; hence wall losses become less 
significant and colllslonal deexcltatlon dominates. At the higher operating 
pressures collisions further reduce the gain by homogeneous broadening of the 
laser transition. Thus the gain peaks at substantially lower pressures than 
does the population Inversion. 

The author wishes to express his appreciation to John Degnan and Walter Leeb 
for stimulating discussions on several aspects of the work. 
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FlKure Captions 


Figure 1. Energy level diagram for low lying vibrational states of COj and Nj. TTie combined 
population density of the CO 2 bonding and symmetric stretching modes (assumed in 
equilibrium) is n, ; the population densities of the CO 2 asynunetric mode, CO 2 ground 
state, Nj excited states, and Nj ground state are n^, n^j, N*, and Nj respectively. 

Figure 2. Logic (low diagram for computation of laser kinetic 
and discharge properties 

Figure 3. Small signal gain versus fill pressure for several gas mixtures. 

Gain is evaluated at line center assuming homogeneous line 
broadening, llie experimental points are extracted from 
reference 12. We assume that 7 - 10,000 sec • corresponds to 
a current of 2-3 ma for a 0. 0625 cm bore radius. 

Figure 4, Small sigral gain versus ndxture for total fill pressure of 

(a) 50 torr (b) 150 torr 

Figure 5, Temperature versus fill pressure for several gas mixtures 
Figure 6 , Temperature versus gas mixture of fill pressures of 50 and 150 torr 
Figure 7. Small signal gain versus pump rate 

Figure 8 . Small signal gain versus tube bore diameter. 

1. pressure ■ 50 torr, ■ 39 

2. pressure ■ 100 torr, » 39 

3. pressure ■ 150 torr, yR^ ■ 39 

4. pressure « 50 torr, yR^ » 117 

5. pressure » 100 torr, yR^ ■ 117 

6 . pressure ■ 150 torr, yR^ « 117 

yR2 « 39 (117) corresponds approximately to a current of 2 ( 6 ) ma. 

Figure 9. Small signal gain versus wall temperature 

Figure 10, Laser tunability, 2<lf, versus fill pressure. 

The parameter ^ 8 n^ is essentially the 
loss per unit length divided by cavity i angth 

(a) gas mixture C 02 :N 2 :He - 1:0. 5:3 

(b) gas mixture C 02 :N 2 :He - 1:0. 5:6 
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Figure 1. Energy level diagram for lo.v ^Ing vibrational states of COj and Nj. The combined 
population density of the COj bending and symmetric stretching modes (as.^umed in 
equilibrium) is n,; the population densities of the COj asymmetric mode, COj ground 
state, N, excited states, and N, ground state are n^, N*, and N® respectively. 
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Figure 2. Logic flow diagram for computation of laser kinetic 
and discharge properties 
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Fif^re 4. Small sif^al ^ain versus mixture for total fill pressure of 

(a) 50 torr (b) 150 torr 
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10,000 SEC 
0.0625 CM 



Figure 5. Temperature versus All pressure for several gas mixtures 



1 5JTORR T;0.5:X 

2 50TORR 1:1.0;X 

3 150TORR 1;0.5:X 
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Figure 6. Temperature versus gas mixture of fill pressures of 50 and 150 torr 
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GAIN (%/cm) 



Fii^re 8 . Small signal gain versus tube bore diameter. 

1. pressure = 50 torr, 7 R^ = 39 

2. pressure = 100 torr, 7 R^ =39 

3. pressure = 150 torr, 7 R 2 = 39 

4. pressure = 50 torr, 7 R^ =117 

5. pressure = 100 torr, 7R^ = 117 

6 . pressure = 150 torr, 7 R 2 = 117 

7 R^ = 39 (117) corresponds approximately to a current of 2 ( 6 ) ma. 
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FILL FAESSURI Uorr) 


(b) gas mixture COjtNjrHe - 1:0. 5:6 

Figure 10. Laser tunabillty, 2Af, versus fill pressure 
The parameter-^ essentially 

the loss divided by cavity length 
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Table I 


Definitions of Symbols Appearing In Kquatlon ? 


Symbol 


Dennitiun 


f 

K 


K 
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K 


0 I 


7 




rate of electron excitation of mode of ('O^ (sec'* )• 
rate of electron deexcitation of mode of COj (sec’* )• 
rate constant for vibrational energy exchange between excited 
states of Nj and Vy mode ofCOj (cm'^ sec'* i 
rate of collisional transfer of energy from Vy to mode 
of (’O^ (sec"' ) 

rate for inverse process of Kj ^ (sec'* ) 

rate of collisional deexcitation from m»>de to ground 

state (sec‘‘ ) 

rate for inverse process of (see'* ) 

rate of electron excitation of Nj vibration (sec"' )* 

rate of electron deexcitation of vibration (sec'' )* 


A 

n 

"n 

"i 

"2 

N« 

N* 


diffusion coefficient for COj molecules (cm^/sec) 
diffusion coefficient for Nj molecule (cm^/sec) 

(= R/2.4 where R is the tube radius) diffusion distance 
factor (cm) 

density of C'Oj molecules (cm'^ ) 

density of (’O^ molecules in ground state (cm'^ ) 

density of CO, molecules with mode excited (cm'^ )• 

density of CO^ molecules with t'y mode excited (cm'^ )“ 

density of nitrogen molecules (ern'^ ) 

density of nitrogen molecules in ground state (cm'^ ) 

density of excited nitrogen molecules (crr''’ i* 
numerical coefficients 


•These symbols refer to peak (on-axis value) in Kquation 5 and thereafter. 
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Table II 


References for Rate Constants Used to Obtain Numerical Results 


Quantity 


CO, N, He 

IVj I , IVj I , , 

CO, . N, Hr 
•'lo • *^10 • •'10 


o J* J 

\:02’'‘Nj’'‘Hr 


B, . B, 

*: ’ ^ 
a a 7/5 


Reference 

I 

I 

6 

1 

7 

H 

9 

10,2 
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